Titanium dioxide (TiO 2 ) nanoparticles are one of the most highly manufactured and employed nanomaterials in the world with applications in copious industrial and consumer products. The liver is a major accumulation site for many nanoparticles, including TiO 2 , directly through intentional exposure or indirectly through unintentional ingestion via water, food or animals and increased environmental contamination. Growing concerns over the current usage of TiO 2 coupled with the lack of mechanistic understanding of its potential health risk is the motivation for this study. Here we determined the toxic effect of three different TiO 2 nanoparticles (commercially available rutile, anatase and P25) on primary rat hepatocytes. Specifically, we evaluated events related to hepatocyte functions and mitochondrial dynamics: (1) urea and albumin synthesis using colorimetric and ELISA assays, respectively; (2) redox signaling mechanisms by measuring reactive oxygen species (ROS) production, manganese superoxide dismutase (MnSOD) activity and mitochondrial membrane potential (MMP); (3) OPA1 and Mfn-1 expression that mediates the mitochondrial dynamics by PCR; and (4) mitochondrial morphology by MitoTracker Green FM staining. All three TiO 2 nanoparticles induced a significant loss (p < 0.05) in hepatocyte functions even at concentrations as low as 50 ppm with commercially used P25 causing maximum damage. TiO 2 nanoparticles induced a strong oxidative stress in primary hepatocytes. TiO 2 nanoparticles exposure also resulted in morphological changes in mitochondria and substantial loss in the fusion process, thus impairing the mitochondrial dynamics. Although this study demonstrated that TiO 2 nanoparticles exposure resulted in substantial damage to primary hepatocytes, more in vitro and in vivo studies are required to determine the complete toxicological mechanism in primary hepatocytes and subsequently liver function.
Introduction
OPA1 and Mfn (1 and 2) levels have been reported in biological systems that are in a diseased state [23, 24] . Sebastian et al. reported that a liver-specific knockout of Mfn-2 protein resulted in disrupted glucose metabolism in the liver, forming a potential cause for type II diabetes [25] . Recent studies have demonstrated that exposure to several engineered materials, including nanomaterials, leads to structural and functional alterations in mitochondrial membranes [26, 27] . Thus, studies on understanding the effect of nanoparticles exposure on liver function and mitochondrial biology is the need of the hour in order to address the implications of nanoparticles exposure on potential liver diseases but is very limited in the literature.
In this study, we investigated the perturbations in the liver behavior and mitochondrial characteristics caused by exposure to TiO 2 nanoparticles on primary hepatocytes isolated from rat liver. We utilized three commercially employed TiO 2 nanoparticles (P25, Anatase, and Rutile), to investigate nanoparticle specific perturbation in an explicit range of concentrations mimicking TiO 2 nanoparticle accumulation. Additionally, we evaluated the effect of TiO 2 nanoparticles exposure on mitochondrial health and oxidative stress as indicators of perturbations in normal liver function. These findings are the first step towards broadening our understanding on the molecular mechanisms of liver dysfunction induced by these highly utilized nanoparticles. Our findings also demonstrate detrimental effects of TiO 2 nanoparticles on cellular and mitochondrial function in primary hepatocytes and suggest that mitochondrial stress can be used as an early and potent diagnostic marker for nanotoxicological inquiries in the liver.
Materials and Methods

Preparation of TiO 2 nanoparticle suspensions
Degussa P25 (particle size 21 nm) was obtained from Sigma Aldrich, St. Louis, MO. Pure rutile (particle size 50 nm), and pure anatase (particle size 50 nm) were purchased from MK Nano, Mississauga, Ontario, Canada. The nanoparticles were UV sterilized and stock suspensions were made in sterile Phosphate Buffer Saline (PBS) at pH 7.4 and sonicated [FS30D Fisher Scientific] for 30 min and stored in dark at 4°C until use.
Isolation, Culture and Treatment of Primary Hepatocytes
All the animal procedures were carried out in accordance with the guidelines from IACUC of University of Nebraska-Lincoln. Primary rat hepatocytes were isolated from male SpragueDawley rats weighing 160-200g through a two-step collagenase perfusion technique adapted from P.O Seglen [28] . Around 150-200 million cells were obtained at a viability greater than 85% as confirmed by Trypan blue dye exclusion test. Before seeding, tissue culture plate surfaces were coated with 100 μg/ml rat tail collagen type I solution prepared in 0.02N acetic acid for 1 hour at 37°C, washed and stored at 4°C until use. Cells were seeded at a density of 100,000/cm 2 on the collagen coated plates. Nanoparticle suspensions in the desired concentrations were prepared in the culture media and added to the cells.
Primary Hepatocyte Culture medium
Culture medium was prepared with high glucose DMEM supplemented with 10% fetal bovine serum, 0.5 U/ml insulin, 20 ng/ml epidermal growth factor (EGF), 7 ng/ml glucagon, 7.5 mg/ ml hydrocortisone, and 1% penicillin-streptomycin. All the constituents for the cell culture medium was obtained from Sigma Aldrich, USA.
Dynamic Light Scattering Particle Sizing and Zeta Potential Measurement
TiO 2 Nanoparticle size and zeta potential were measured using a NanoBrook ZetaPALS zeta potential and dynamic light scattering instrument [Brookhaven instrument, Holtsville, NY]. Desired concentrations of nanoparticle suspensions were prepared by dilution with Hepatocyte culture medium. Mean hydrodynamic diameter was measured at a scattering angle of 90°, and the Zeta potential was calculated from Mobility measurements by using the Smoluchowski model. All measurements were performed at 25°C at a pH of 7.4. OPA-1 (Forward 5'-CCTGTGAAGTCTGCCAATCC -3' and Reverse 5'-CTGGAAGATGGTGATGGGTT -3'), Mfn1 (Forward 5'-TCGTGCTGGCAAAGAAGG-3' and Reverse 5'-CGATCAAGTTCCGGGTTCC-3'). GAPDH (Forward 5' ATGATTCTACC CACGGCAAG 3' and Reverse 5' CTGGAAGATGGTGATGGGTT 3') was used as the housekeeping gene. A single PCR product formation was monitored using the SYBR green compatible melting curve analysis. Double normalization was carried out with respect to total RNA and the housekeeping gene and the relative gene expression levels of the target genes were reported using the ΔΔCT method of analysis. Data were expressed as the means ± SD from three independent experiments. Each experiment was carried out with three experimental replicates.
Scanning Electron Microscopy
Mitochondrial Morphology Imaging
Mitotracker FM, green stain [Life Technologies, NY] was used for the specific staining of primary hepatocyte mitochondria. Live cells were washed with PBS, and the dye was diluted to a concentration of 100 nM in Fluorobrite DMEM [Life Technologies, NY] and added to the cells. Cells were incubated at 37°C for 45 min and then washed extensively and imaged using confocal microscopy (Olympus FV500 IX 81). Manganese Superoxide Dismutase (MnSOD) Enzyme Activity Assay (In Gel)
Mitochondrial Membrane Potential (MMP) Assay
MnSOD enzyme activity of primary hepatocytes was measured using a gel assay. Protein was collected from cells post treatment using RIPA buffer with PMSF and protease inhibitors. Total protein quantity was determined using Bradford assay. Total of 30 μg protein was loaded onto 10% native Tris-Glycine polyacrylamide gels, and polyacrylamide gel electrophoresis (PAGE) was carried out in non-denaturing conditions to ensure intact MnSOD enzyme activity. The gel was then incubated in the dark in a staining solution containing 0.1 mg/ml riboflavin, 0.1mg/ml nitroblue tetrazolium (NBT) and 1μl/ml TEMED. The gel was washed with DI water and exposed to light. The superoxide released by TEMED interacts with NBT converting it into purple formazan. This turns the gel purple except in the area of the gel with MnSOD, which scavenges the superoxide giving rise to colorless bands. The gels were analyzed using the imaging system of Odyssey by LI-COR followed by the imaging software Image Studio. Data were expressed as the means ± SD from three independent experiments.
Statistical Analysis
Data were expressed as the mean ± SD from three independent experiments. The difference between the various experimental groups was analyzed by a one-way analysis of variance (ANOVA) using the statistical analysis embedded in SigmaPlot Software using Tukey test. Q tests were employed to identify outliers in the data subsets. For statistical analysis of all data, p < 0.05 was used as the threshold for significance.
Results
TiO 2 Nanoparticle Characterization
TiO 2 nanoparticles were first characterized using TEM and DLS. TEM was utilized to examine the individual crystal shapes and sizes of the different TiO 2 nanoparticles (Fig 1) . Anatase TiO 2 nanoparticles revealed the characteristic spherical crystal structure, and rutile nanoparticles displayed a typical rod-like crystal structure. Both particles displayed a size of approximately 50 nm. P25, which is a 3:1 mixture of anatase and rutile. These results were in agreement with the manufacturer's specifications and previous reports on the characterization of the shape of the nanoparticles. [6, 29, 30 ].
The nanoparticle suspensions were then characterized for the hydrodynamic diameter of the aggregates formed and the zeta potential in the media environment that is exposed to the cells using DLS. The working concentration of nanoparticles suspensions were prepared in hepatocyte media to recreate the cell culture conditions to identify the forms in which the nanoparticles are exposed to the cells. As shown in Table 1 , P25, anatase, and rutile nanoparticles aggregated to average diameter of approximately 800 nm, 700 nm, and 380 nm, respectively, and this aggregation was consistent in all the studied nanoparticle concentrations. Zeta potential were also measured for the three TiO 2 nanoparticles ( Table 1 ). The zeta potential values did not change significantly (p > 0.05) in the three forms of the nanoparticles and concentrations.
TiO 2 Nanoparticles Cytotoxicity to Primary Hepatocytes
We evaluated the cytotoxicity of three different TiO 2 nanoparticles (P25, anatase, and rutile) using MTT assay. A 72 h exposure to the three different TiO 2 nanoparticles of varying concentration (0-1000 ppm) to primary hepatocytes established the LC 50 value corresponding to the different treatment, as determined by constructing a dose-response curve. As seen in Table 2 
TiO 2 Nanoparticle and Hepatocytes Morphology
We studied the effect of nanoparticle treatment on the cellular morphology using SEM (Fig 2) . After 72 h of exposure to the three chosen concentrations of the nanoparticles, primary hepatocytes did not exhibit a marked change in cellular morphology. For all three nanoparticles, we observed the smooth and spherical morphology of hepatocytes that was comparable to untreated cells.
TiO 2 Nanoparticle and Hepatocytes Viability
We quantified the viability loss in hepatocytes using MTT assay. The exposure of hepatocytes to TiO 2 nanoparticles showed a concentration and type dependent loss in viability (Fig 3) . When normalized with respect to untreated hepatocyte samples, in P25 treatment, 84% cells were viable when exposed to 20 ppm concentration that decreased to 75% at 100 ppm concentration. Similarly in hepatocytes exposed to anatase nanoparticles, the cell viability decreased substantially from 85% in the 20 ppm concentration to 66% in 100 ppm. In rutile treatment, the loss in viability was concentration dependent but demonstrated the least severity, where the cell viability was approximately 80% in the 100 ppm treated samples. In addition to the MTT assay, S2 Fig also provides qualitative analysis of the loss in cell viability in primary hepatocytes when exposed to the different nanoparticles.
TiO 2 Nanoparticle and Loss in Hepatocyte Functions
We studied the effect of prolonged exposure of hepatocytes to TiO 2 nanoparticles on two main hepatocyte specific functions-urea synthesis and albumin synthesis. As seen in Fig 4A, we observed a consistent concentration and type dependent loss in urea synthesis function. For every million hepatocytes, the exposure of hepatocytes to 50 ppm of P25 resulted in 105.6 ±19 μg/ml urea synthesis, as opposed to 178 ± 20.9 μg/ml synthesis in untreated hepatocytes. Similarly, the exposure of hepatocytes to 50 ppm of anatase resulted in 127.9±21.6 μg/ml urea synthesis. Finally, the exposure of hepatocytes to rutile resulted in 134.7±6.9 μg/ml urea synthesis, which was relatively higher as compared to the 50 ppm treatment group of other particles.
Similarly, Fig 4B illustrates the albumin synthesis of primary hepatocytes after 72 h of exposure to different TiO 2 nanoparticles. We observed a concentration and type dependent loss in albumin synthesis comparable to our data on urea production. For each million hepatocytes, the exposure to 50 ppm of P25 resulted in 3.5±0.8 μg/ml albumin production, as compared to untreated hepatocytes that synthesized 5.3±0.69 μg/ml albumin. The exposure of hepatocytes 
TiO 2 Nanoparticle Effect on Oxidative stress and Mitochondrial Dynamics
We quantified the ROS production using H 2 DCFDA dye in order to measure the increased oxidized status of the cells in response to nanoparticles exposure (Fig 5A) . At a median concentration of 50 ppm, a type dependent increase in ROS production was observed when primary hepatocytes were exposed to TiO 2 nanoparticles. The exposure of hepatocytes to 50 ppm of P25 and anatase resulted in relatively highest ROS production while exposure to the same concentration of rutile demonstrated lesser ROS production. We studied the effect of TiO 2 nanoparticle treatment on mitochondrial MnSOD enzyme activity (Fig 5B) and observed that the enzyme activity significantly decreased in each of the treatment groups (P < 0.05). As compared to untreated hepatocytes at 100%, P25 treated samples displayed 50.5±20.1% enzyme activity, followed by anatase at 67±18.2% and rutile at 86 ±13.8% enzyme activity. We also probed for the effect of the nanoparticle treatment on the MMP of hepatocytes (Fig 5C) and observed that the treatment leads to significant loss in MMP, as compared to untreated cells (p < 0.05).
TiO 2 Nanoparticle Effect on Mitochondrial Dynamics
To understand the effect of nanoparticle treatment on mitochondrial dynamics, we investigated the relative gene expressions of OPA-1 and Mfn-1 markers that are associated with mitochondrial fusion events (Fig 6A and 6B) . OPA-1 and Mfn-1 gene expression levels were significantly down-regulated in hepatocytes when exposed to 50 ppm P25 and anatase with commercially used P25 having the highest effect (p < 0.05). Down-regulation of the fusion markers in rutile treatment group was the least pronounced, as compared to anatase and P25. To probe and visualize the effect of the nanoparticles on the mitochondrial morphology and integrity, we imaged the mitochondria using the fluorescent stain Mitotracker FM (Fig 6) . The untreated primary hepatocytes depicted the typical fiber-like morphology indicating healthy mitochondria. When hepatocytes were exposed to TiO 2 nanoparticles, there was a substantial loss in the fiber-like morphology and presence of high levels of fragmentation was also observed.
Discussion
The liver is the major accumulation site for many nanoparticles, however, the toxicological effects of the nanoparticles on the liver function have not been extensively investigated. Numerous in vitro liver models have been developed during the last two decades to supplement animal studies [31] [32] [33] [34] [35] [36] [37] [38] . A major weakness of existing literature about the in vitro effects of nanoparticles is that the in vivo dosimetry and biokinetics are largely ignored, i.e., effects, if observed, are at high concentrations [39, 40] . A majority of the in vitro nanoparticle liver toxicity studies have extensively used cell lines. Several studies demonstrate that primary hepatocytes are a better in vitro model compared to cell lines such as HepG2 cells for cytotoxicity Titanium Dioxide Nanoparticles and Hepatocytes studies due to the inherent differences in the bio-transformation potential of cell lines vs. primary cells. Wang and co-workers demonstrated that hepatic cell lines depict different behavior with respect to metabolism mediated liver toxicants when compared to primary hepatocytes [41] . Harris and co-workers showed that primary hepatocytes are a preferred model when studying genotoxicity or carcinogenicity because the cell lines do not represent the exact genome of the target tissue they are modeling [42] . Studies have utilized liver-specific cell lines to demonstrate cytotoxicity effects of nanoparticles on liver [43, 44] . However, these studies are limited to common cytotoxicity end points such as MMP, glutathione, ROS and lactate dehydrogenase and do not address the impact of nanoparticle exposure on liver-specific functions such as urea or albumin synthesis and mitochondrial integrity. Our study utilizing primary hepatocytes provides a better in vitro model to study the impact of nanoparticle exposure on hepatocyte function and mitochondrial damage. Primary hepatocyte culture is a robust platform to study cytotoxicity effects in the liver compared to animal models. Xu and co-workers demonstrated a decrease in Blood Urea Nitrogen (BUN) levels (in vivo equivalent to urea synthesis) when mice were exposed to TiO 2 nanoparticles [45] . Wang et al have also demonstrated a loss in mice liver functions through assessment of the liver enzymes and BUN when exposed to TiO 2 nanoparticles [46] . Our studies utilizing primary hepatocytes demonstrate similar trends in liver specific functions when exposed to TiO 2 nanoparticles as observed in animal studies. Our cytotoxicity studies indicated that pure anatase and P25 nanoparticles are more cytotoxic compared to rutile nanoparticles and this observation is consistent with previous reports comparing the anatase and rutile TiO 2 nanoparticles [29] .
The purpose of our study was to further probe the effect of TiO 2 nanoparticles on primary hepatocytes focusing on the changes in cellular function and mitochondrial dynamics. Numerous studies have consistently used high concentrations of the nanoparticles, thus limiting these studies to probe mechanistic aspects beyond the toxicity of the nanoparticles. Sha et al demonstrated the effect of TiO 2 nanoparticles on BRL-3A cell lines (concentrations of 0.1 to 100 μg/ ml) and the liver of rat models (concentrations of 0.5-50 mg kg − 1) where oxidative stress mediated toxicity was observed in both models [47] . Kermanizadeh and co-workers reported the occurrence of genotoxicity of TiO 2 nanoparticles (0.5-256 μg/ml) in C3A cells [48] . Our study provided us with the range of concentrations (20, 50 and 100 ppm) with 72 h exposures that is reflective of the LC 50 data. These concentrations fall in the sub-lethal range, thereby permitting us to investigate crucial early cellular events, which facilitated a better mechanistic understanding of the intrinsic factors mediating nanoparticle induced toxicity. Our results also indicated that there is a concentration and type dependent effect on primary hepatocytes when exposed to TiO 2 nanoparticles. This difference in the cell behavior reflects on potentially different modes of actions from the different TiO 2 nanoparticles on the hepatic biology. We also demonstrated a concentration and type dependent loss in urea and albumin synthesis function of hepatocytes. The most critical observation is the exposure to 100 ppm of commercially used P25 TiO 2 nanoparticles for 72 h, though has 80% viable cells, results in an over 45% loss in hepatic functions. This indicated that employing cell viability as a sole marker for the effect of environment exposures including nanoparticles is a weak biomarker to identify potential risk factors of these exposures. Numerous studies have demonstrated that metal oxide nanoparticle induced toxicity is primarily mediated by increased ROS production [49, 50] . We also demonstrated that TiO 2 nanoparticle exposure in primary hepatocytes results in increased ROS production. We further showed that primary hepatocytes, when exposed to TiO 2 nanoparticles, resulted in a loss in MnSOD enzyme activity and MMP. Cells possess a robust anti-oxidant mechanism to cope with and prevent the downstream damage from excess ROS. MnSOD scavenger enzymes are the first line of the antioxidant defense system protecting the cells from potential damage caused by excessive amounts of ROS by scavenging the superoxide radicals [51] . MnSOD is the prominent isomer of the enzyme that is abundant in the mitochondria and contributes to the maintenance of redox homeostasis inside mitochondria [51] . Our observation that the nanoparticle exposure significantly reduces the MnSOD enzyme activity is a strong indication that the antioxidant system is impaired, leading to potential irreversible damage to the cell, especially mitochondria [52] . We also observed significant loss in MMP in primary hepatocytes when exposed to all three nanoparticles. The maintenance of MMP in the mitochondria is critical for proper oxidative phosphorylation function to occur and is therefore considered a critical marker to evaluate mitochondrial perturbation [53, 54] . Decrease in the MMP leads to more ROS production in the mitochondria, thus contributing to further mitochondrial membrane damage. The fluctuations in MMP is considered as Tier 3 oxidative stress responses and can lead to apoptotic responses [53] . These data strengthens our hypothesis that exposure to nanoparticles results in substantial mitochondrial damage in primary hepatocytes and the increase in the ROS levels is not due to adaptive response. Mitochondria are extremely dynamic in nature and undergo continual fission and fusion processes to alter the morphology that enables the cell to meet its metabolic requirements and cope with internal or external stress. OPA1 and Mfn-1 are markers known to be instrumental in regulating the fusion process in maintaining the mitochondrial dynamics. We observed a significant down-regulation in the gene expression levels of OPA1 and Mfn-1 in the 50 ppm treated hepatocytes, whereas, this down-regulation was not significant in the rutile treated cells (p > 0.05). The exposure to nanoparticles also resulted in a substantial loss in the fiber-like morphology and increase in fragmentation. Braydich-Stolle and co-workers showed similar effect due to TiO 2 nanoparticle treatment on keratinocytes that resulted in localization and causative damage of the mitochondria [55] . Hepatocytes possess a unique mitochondrial organization wherein the mitochondria are spread throughout the cell body unlike other cells where the mitochondria are concentrated around the cell nuclei and concentration decreases radially. Loss in the typical fiber-like morphology and increase in fragmentation is a strong indication of compromise in the mitochondria dynamics. This is in agreement with our observation where OPA-1 and Mfn-1 were significantly downregulated in hepatocytes exposed to TiO 2 nanoparticles. This defect in mitochondrial fusion results in mitochondria that appear swollen and spherical, instead of fiber-like. Together, these results indicate that exposure to TiO 2 nanoparticles even at a concentration as low as 50 ppm results in significant mitochondrial damage by interrupting the fusion-fission equilibrium and affecting the mitochondrial dynamics [56] .
Overall, we observed that the exposure of primary rat hepatocytes to different types of commercially available TiO 2 nanoparticles causes significant compromise in hepatocyte function and mitochondrial biology. Even though we observed a modest loss in cell viability, hepatic specific functions, urea and albumin synthesis, are significantly reduced due to TiO 2 nanoparticles exposure at concentrations as low as 50 ppm. We observed an increase in the amount of intracellular ROS production due to exposure to TiO 2 nanoparticles. A decrease in the enzyme activity of MnSOD demonstrated compromise in the antioxidant defense mechanism and irreversible oxidative damage. Loss in mitochondrial membrane potential demonstrated the loss in mitochondrial oxidative phosphorylation function. Finally, we observed that the exposure to TiO 2 nanoparticles resulted in significant down-regulation of OPA1 and Mfn-1 genes and fragmented mitochondrial network in hepatocytes that is a strong indicator of the disruption of the mitochondrial dynamics. From these observations, we propose that TiO 2 nanoparticles induce cytotoxicity of hepatocytes by (1) down-regulating the fusion process thus disrupting the mitochondrial dynamics and inducing damage to the mitochondrial morphology, (2) triggering oxidative stress mediated by an increase in ROS production, loss in MMP and loss in MnSOD enzyme activity and (4) inducing loss in hepatic functions including urea and albumin (Fig 7) . Therefore, we hypothesize that TiO 2 nanoparticles could potentially contribute to subsequent adverse health effects and the development of liver diseases such as liver fibrosis. Future work is underway focusing on how these nanoparticle induced compromise of the mitochondrial dynamics in hepatocytes leads to liver damage and other potential liver diseases. William H. Velander for access to the microplate reader for the colorimetric assays. This work was funded by the startup funds from University of Nebraska-Lincoln (UNL), Layman's Award, Materials Research Science and Engineering Center (MRSEC) Seed Grant, and UNL Interdisciplinary Award. The funding sources had no role in study design, data assimilation, data analysis and manuscript preparation.
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